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Abstract 
The components of a cane flexi-factory consist of a sugar factory, cogeneration power plant, refinery and 
a distillery. Bagasse, a residue obtained from the crushing a sugar cane in the sugar factory, is burnt in in 
an boiler of  an annexed cogeneration plant to produce superheated steam which  is then fed in a 
condensing extraction steam turbine coupled with an alternator to produce electricity and low pressure 
and temperature steam. The latter is used as process heat to produce raw sugar and refined sugar in the 
sugar factory and refinery respectively. Although the Mauritian sugar cane factories are equipped with the 
latest technology such as efficient electric motors equipped with variable speed drives, diffusers, 
automated systems, real-time monitoring of processes, efficient pumps, opportunities exist for a reduction 
in energy consumption for the evaporating process. Analysis of heat consumed by a flexi-factory shows 
that the five effect evaporator used by its sugar factory is by far the largest consumers. Robert and 
Kestner types of evaporators are mainly used. The aim of this paper is to investigate the reduced steam 
consumption of a multiple effect evaporator by adding one effect of falling thin film evaporator type. 
Results shows that a savings of 41.5 kg/h of steam consumption per ton of cane crushed can be achieved. 
This amount of steam saved will be used by cogeneration power plants to produce an additional amount 
of 18GWh electricity annually. 
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1. Introduction 
Sugar cane bagasse is used as fuel in boilers to produce superheated steam in cogeneration power plant. 
The superheated is fed in a condensing extraction steam turbine coupled with an alternator to produce low 
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pressure and temperature steam and electricity. Part of the electricity generated is used for running of 
millls and other auxiliaries such as pumps, electric motors in the annexed sugar factory, refinery and 
distillery forming part of a cane flexi-factory. The steam (240-270 kPa and 130-150⁰C) is supplied as 
process heat to sugar factory, refinery and distillery for production of raw, refined sugars and bio-ethanol 
respectively from sugar cane juice and molasses. The consumption of heat (steam) by the sugar factory is 
about 350-500 kg per ton of cane [1], whilst that for the refinery is 25 ton per ton of raw sugar and about 
10-13 ton for the distillery plant. 
 
However, cogeneration plants in Mauritius were designed to supply heat and electricity to sugar factory 
only during harvesting season and the rest of the electricity are exported to the grid as owners of these 
cogeneration plants have contractual obligation towards the Government of Mauritius for the supply a 
certain minimum amount of electricity to the national grid annually. With the coming of operation of the 
refinery and the distillery which operate during the harvesting and off crop seasons, the amount of heat 
produced to cater for the demand of the refinery and the distillery are not sufficient, so coal is therefore 
used as fuel for the production of electricity and heat for  the refinery and distillery purposes.  
 
Although the Mauritian sugar cane factories are equipped with the latest technology such as efficient 
electric motors equipped with variable speed drives, diffusers, automated systems, real-time monitoring of 
processes, efficient pumps, opportunities exist for a reduction in energy consumption for the evaporating 
process. Analysis of heat consumed by the flexi-factory shows that the evaporator used by the sugar 
factory is by far the largest consumers.  Sooben, (2013) [2] highlighted the recent improvements in 
evaporating process with the use of Falling Thin Film Evaporator (FTFE). The latter is a heat exchanger 
which may be installed either before the existing set of evaporators, also called Multiple Effect Evaporator 
(MEE) in case of existing sugar factory or it can be used as evaporators in lieu of existing type of 
evaporators. The aim of this chapter is to investigate the reduced steam consumption of an MEE by 
adding one effect of FTFE type. This will make a higher amount of heat available that can be used either 
by the refinery or others components forming part the flexi-factory and the production  of additional 
electricity for the grid.  Thus, this will increase the revenues arising from the operation of the 
cogeneration plant which in turn will make the cane industry viable and sustainable.  
2. Materials and Methods 
Multiple effect evaporators with vapour bleeding are widely used in sugar industries. The evaporator 
converts sugar cane juice to syrup. A multiple effect evaporators comprise of multiple vessels connected 
in series. Condensates are collected in flash pots where self evaporation takes places. The vapours formed 
are then injected to the following effect.  
Applying a mass balance, the mass flow of juice leaving the MEE is calculated as shown in Equation 1 
[3]: 
                              (1) 
Where J and B are the amount of juice (kg) and the brix of the juice respectively entering or leaving the 
ith vessel 
 
The evaporation rate (EVA) of the each effect is calculated as follows: 
 
         (2) 
And the evaporation coefficient (ECoeff) of each evaporator is calculated as follows: 
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        (3) 
Furthermore, applying an energy balance in any vessel in the MEE using the Principle of Conservation 
of Energy: 
 
Heat supplied by exhaust steam or by vapour from previous effect + Energy content of juice entering 
the ith vessel = Energy content of vapour existing the ith vessel + Energy content of condensate + Energy 
content of syrup + Heat losses by radiation and convection + incondensable gases losses 
For the first effect 
 
         (4) 
For the 2nd to nth effect 
 
         (5) 
Where i = 2,3,…,n 
S, V, P and C are the amount of steam (kg), bled vapour (kg), vapour fed to next vessel (kg) and 
condensate leaving the vessel (kg) respectively.  
h is the enthalpy (kJ/kg) 
HCri is the proportion of heat losses due to incondensable gases. 
 
The same principle is applied for energy balances of other components of the sugar factory such as the 
continuous vacuum pans, centrifugals, crystallizers, diffusers, heaters , sugar drier and others. 
The specific enthalpy of the cane juice or syrup  at a temperature of T °C is calculated as shown in 
Equation 6. 
h = Cpi x T          (6) 
where Cpi = (1-0.006)  x Biave  x 4.211 [3] 
Cp is the specific capacity at constant pressure (kJ/kgoC) 
The heat transfer coefficient (HTC) of each effect of an MEE is calculated as follows [4]: 
       (7) 
 
According to Rein (2007) [4], as it is improbable  to have  a linear relationship between the HTC and 
the brix of juice or the temperature of  vapour leaving a vessel as per Equation 7 , it is more appropriate to 
use the equation derived (Equation 8) for HTC for evaporators by Guo (1983) which is based on 
laboratories studies. 
         (8) 
However, the Equation 7 hold if HTC is between 1.8 to 3.5 kW/m2K. For the last effects where the 
HTC is normally less than 1.8 kW/m2K, the equation derived by Smith and Taylor (1981) [6] is used: 
          (9) 
 
Furthermore, the steam economy (SE) achieved following the addition of one effect/vessel of an 
existing MEE is calculated shown in Equation 6.14.   
 SE = Se - Se’          (10) 
Where Se and Se’ are the amount of steam consumed by the existing and proposed  MEE (kg/h) 
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The specific steam consumption (ssc) of the factory is calculated using Equation 11: 
 
           (11) 
Where TCH is the amount of cane crushed per hour 
The additional electricity produced (ELEC) following the addition of one effect in an existing MEE  
per ton of sugar cane is as shown in Equation 12: 
ELEC = SE x Q          (12) 
Where Q is the amount of sugar cane (ton)  
3. . The evaporator section of a sugar factory in Mauritius 
To show the effect of change of steam consumption by adding one effect in an MEE, a sugar factory 
forming part of a flexi-factory is taken as a case study. The operating parameters of the sugar factory and 
the refinery are shown in Table 6.3. 
 
Table 1: Parameters of the sugar factory and annexed refinery 
Parameters Units Values 
Cane crushed ton 1.2M 
Mill Capacity ton/h 400 
Power Consumption- Factory kWh/ton  20 
Power Consumption-Refinery kWh/ton 4 
Refinery Capacity ton/day 600 
Number of effect of evaporator  5 
Design imbibitions rate of fibre % 240 
Fibre content in cane % 15.9 
Average Steam Pressure(kPa) kPa 243.86 
Steam Temperature °C 131.39 
Steam Flow ton/h 170.93 
 
On average, the specific steam consumption is 400 ton/ton of cane. The process steam supply by an 
annexed cogeneration plant is measured on a real time basis. The average values of the steam pressure, 
temperature and flow rate measured during several days are computed and tabulated in Table 1. 
To monitor the scale deposit which affects the evaporator heat transfer coefficient, juice samples of 
each vessel were collected continuously to analyse their brix level  in the sugar factory’s laboratory.  
Bleeding is done in each vessel, and the vapour are used as process heat by the refinery, diffuser and 
continuous vapour pans. The bled vapour VI is  mainly used by an annexed refinery to processed raw 
sugar produced by the sugar factory to produce refined sugars. The bled vapour V2 is  mainly used by the 
diffuser. The bled vapour V3 is used by the continuous vapour pan (CVP). V4 and V5 are not presently 
used. The bled vapour pressure  and temperature of each effect was measured. 
To investigate the savings of steam consumption made by adding one effect in the existing MEE, a 
mass and steam were done for the evaporation part of the sugar factory . 
The evaporation rate, evaporation coefficient and heat transfer coefficient  of each evaporator were 
calculated. It is found that the first effect has the highest evaporation rate, that is 41% of the weight of 
cane juice entering the first effect is evaporated.  40% of the weight of cane juice entering the second 
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effect  is evaporated, thus after passing the first two effects, about  225 ton/h of water were removed from 
the cane juice of 457 ton/h entering the MEE, implying that more than 50% of the  weight cane juice were 
evaporated. At the exit of the MEE, 371 ton/h of water were removed from the cane juice, this process 
also helps to increase the brix of the cane juice. 
Energy balances were done on each vessel of the MEE and on each component which the MEE is 
supplying bled vapour as process heat.  The amounts of bled vapour produced by each effect and the 
consumption of steam by each component using bled vapours were computed. Assumptions made for the 
allowances of heat losses by Hugot (1986) [3]] were used. The percentage loss due incondensable gases 
in each evaporator is assumed to be 2%. The vapour formed by flash pots are not taken into consideration 
as they are considered negligible. It was found that 37.3 ton/h (V1), 63.3 ton/h (V2) and 45.7 ton/h (V3) 
of bled vapours are supplied to the components of the factory and refinery. 
The specific steam consumption of the sugar factory was calculated and found to be 420 kg of 
steam/ton of cane. 
In view of reducing the steam consumption of the sugar factory, it is proposed to increase the existing 
five-effect evaporator by one effect. The additional effect will be added before the first effect of the 
existing MEE, and is of FTFE type 
For an  FTFE type, only a temperature difference of 5-6°C between the sugar cane juice and the bled 
vapour is needed for the proper operation of the evaporator [7] instead of more than 10 °C in case of 
rising film evaporator. Moreover, due to the absence of hydrostatic pressure in FTFE, no boiling point 
elevation (BPE) is required.  Furthermore, an FTFE of surface area of 5000 m2 was chosen because  the 
cane juice entering the first effect has the lowest brix, a higher heat transfer rate is needed for the 
evaporation of the cane juice. Hence a higher surface area is needed than that of the other successive 
effects, for example, the second effect will have surface area of 4500 m2, the third effect will have surface 
area of 3350 m2 and so on. It is commercially available. 
In addition, to compare the results of  proposed six-effect evaporator with that of the actual  five-effect 
evaporator, the inlet brix of the cane juice and the outlet brix of the syrup were assumed to be the same as 
the existing set up. Moreover, the steam consumption of other components of the sugar factory such as 
continuous vacuum pans, sugar drier, diffuser, refinery and others will be the same as calculated.  
However, due to the addition of one effect, more bled vapours will be available. Two more heaters can be 
added and utilised. Furthermore, the three existing heaters will be used in series to heat up the juice 
leaving the diffuser from 68°C to up 104°C. 
With the above proposal, the layout for the supply of bled vapours to other components of the sugar 
factory will be modified to optimize the  steam consumption of the sugar factory. 
The amount of the steam required for the heaters are calculated by applying the energy balance 
Equation 6.9. The bled vapours for each effect were then computed,  40.1 ton/h (V1), 29.2 ton/h (V2), 
57.3 ton/h (V3), 14.6 ton/h (V4) and 9.2 ton/h (V5) respectively are supplied to the components of the 
factory and the refinery. The evaporate rate of each effect was calculated. It is observed that the 
evaporation coefficients of the two existing Kestner type evaporators for the second and third effect are 
low. Hence, it can be deduced that these evaporators are oversized for the proposed set up. 
Based on the above calculations, the amount of steam needed to operate the proposed six effect 
evaporator was found to be 151.4 ton/h. Hence, the specific  steam consumption of the sugar factory was 
calculated and found to be  378.5 kg of steam/ton of cane. Therefore, a economy of 41.5 ton/h per ton of 
cane are achieved by switching from a five effect to a six effect evaporator. This represents a savings of 
9.8% in terms of steam consumption for the factory. The savings will be slightly higher if the vapour 
produced by flash pots were taken into consideration. This simulated figure is comparable to that obtained 
from the installation of FTFE at  Bois Rouge and Le Gol cane sugar factories in Reunion Islands. A 
savings of 43.5 kg/ ton per ton of cane (10.6%) were achieved (Coustel & Journet, 2008). However, they 
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also found that regular maintenance on the MEE must be done to avoid  scaling on the evaporators and 
fouling of the juice distribution. These will adversely affect the efficiency of the MEE. 
 
This savings in steam consumption can be used to produce additional electricity. Given that one ton of 
steam produces 112 kWh in this flexi factory under study, for each ton of cane, an additional amount of 
4.6 kWh  electricity can be produced. Hence, for an annual production 1.2M tons of cane, this represent 
an additional 5.5 GWh electricity that can be exported to the national grid and raising additional revenues 
of USD 660 000 given that 1 kWh is sold  for USD 0.12 (NEC, 2013). Given that the cost of an FTFE is 
around USD 2 000 000 and the downsizing of the existing  evaporators will cost USD 550 000, the 
payback for the switching from five effect to six effect is around 4 years. Moreover, as about 3.9 M tons 
of canes are crushed annually in Mauritius, around 18GWh of electricity can be produced. 
4. Conclusion 
It is recommended to switch from five effect evaporator to six effect evaporator in Mauritian cane 
industries. As a savings of 41.5 kg/h of steam consumption is achieved for one ton of cane crushed and 
given that one ton of steam produces 112 kWh, this can increase the electricity generation by bagasse 
cogeneration plants by 18GWh based on an availability of 3.9M tons of cane. About 11 Gg of CO2 
emissions will be mitigated with  a savings of 3700  tons of Heavy Fuel Oil. 
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